Hendra virus (HeV) is a member of the broadly tropic and highly pathogenic paramyxovirus genus Henipavirus. HeV is enveloped and infects cells by using membrane-anchored attachment (G) and fusion (F) glycoproteins. G possesses an N-terminal cytoplasmic tail, an external membrane-proximal stalk domain, and a C-terminal globular head that binds the recently identified receptors ephrinB2 and ephrinB3. Receptor binding is presumed to induce conformational changes in G that subsequently trigger F-mediated fusion. The stalk domains of other attachment glycoproteins appear important for oligomerization and F interaction and specificity. However, this region of G has not been functionally characterized. Here we performed a mutagenesis analysis of the HeV G stalk, targeting a series of isoleucine residues within a hydrophobic ␣-helical domain that is well conserved across several attachment glycoproteins. Nine of 12 individual HeV G alanine substitution mutants possessed a complete defect in fusion-promotion activity yet were cell surface expressed and recognized by a panel of conformation-dependent monoclonal antibodies (MAbs) and maintained their oligomeric structure. Interestingly, these G mutations also resulted in the appearance of an additional electrophoretic species corresponding to a slightly altered glycosylated form. Analysis revealed that these G mutants appeared to adopt a receptor-bound conformation in the absence of receptor, as measured with a panel of MAbs that preferentially recognize G in a receptor-bound state. Further, this phenotype also correlated with an inability to associate with F and in triggering fusion even after receptor engagement. Together, these data suggest the stalk domain of G plays an important role in the conformational stability and receptor bindingtriggered changes leading to productive fusion, such as the dissociation of G and F.
Hendra virus (HeV) and Nipah virus (NiV) are two newly emergent zoonotic viruses which currently comprise their own genus, Henipavirus, within the family Paramyxoviridae. The principal reservoirs for both viruses appear to be several species of pteropid fruit bats, which as a group cover a broad geographic range over Southeast Asia and the Pacific (reviewed in references 19 and 21) . HeV appeared first in Australia in 1994 in two nearly simultaneous yet unrelated episodes of severe respiratory disease in horses and consequent transmissions to three people, two of which resulted in death (reviewed in reference 19) . HeV has reemerged in Australia, causing fatal infections of horses in 1999 (20) , 2004 (2), 2006 (33) , and most recently in 2008 (3) . A single human infection occurred in a veterinarian who recovered with seroconversion after conducting the necropsy on the horse in 2004 (25) , and as of August 2008 several horses have been confirmed infected along with two people. NiV was first recognized in 1997 to 1998 in an outbreak of encephalitis among pig farmers in Malaysia and Singapore. This outbreak was considerably larger than that of the initial HeV episode, with 265 cases of human infection and 105 deaths, and it was primarily transmitted to humans from infected pigs (reviewed in reference 14) . Since then, NiV has also continued to reemerge, causing several deadly spillover events. Most recently, outbreaks of NiV have been associated with an increased case fatality rate (approaching 75%), direct transmission from bat reservoirs, and human-to-human transmission (4, 13, 24, 26) . Together, these features of HeV and NiV, along with their broad host ranges and their presence in natural reservoirs, have made them a significant biological threat. There are presently no approved antiviral therapeutics to treat HeV or NiV infection, and they are presently classified as biosafety level 4 pathogens (reviewed in reference 19).
Paramyxoviruses possess two major membrane-anchored glycoproteins in the envelope of the viral particle. One glycoprotein is required for virion attachment to receptors on host cells and is designated as either hemagglutinin-neuraminidase protein (HN) or hemagglutinin protein (H), and the other is glycoprotein (G), which has neither hemagglutination nor neuraminidase activities (28) . The attachment glycoproteins are type II membrane proteins, where the molecule's amino (N) terminus is oriented toward the cytoplasm and the protein's carboxy (C) terminus is extracellular. The other major glycoprotein is the fusion (F) glycoprotein, which is a trimeric class I fusogenic envelope glycoprotein containing two heptad repeat (HR) regions and a hydrophobic fusion peptide. HeV and NiV infect cells though a pH-independent membrane fu-sion process into receptive host cells through the concerted action of their G attachment glycoprotein and F following receptor binding. In nearly all cases, the coexpression of typically its homologous viral species attachment glycoprotein is required along with F for efficient membrane fusion (reviewed in reference 7). Upon triggering, F undergoes significant conformational rearrangements that facilitate the insertion of the fusion peptide into target membranes, bringing the two HR regions together in the formation of the six-helix bundle structure or trimer-of-hairpins during or immediately following fusion of virus and cell membranes (recently reviewed in ref- erence 29) . Several molecular details of the substantial conformational change of F upon triggering have been revealed in the recent structural solutions of both post-and prefusion conformations of F (48, 49) . The primary function of the paramyxovirus attachment protein is to engage appropriate receptors on the surfaces of host cells, which for the majority of well-characterized paramyxoviruses are sialic acid moieties. However, the HeV and NiV G glycoproteins utilize the host cell protein receptors ephrinB2 and/or ephrinB3 (5, 6, 34, 35) .
For some paramyxoviruses, receptor binding is believed to trigger conformational changes in the attachment protein, which in turn is thought to serve as the trigger of the F glycoprotein's fusogenic activity (reviewed in reference 7) . This function of the attachment glycoprotein is typically termed its fusion promotion activity. The molecular details of this process have yet to be clarified, and although this is a favored model by many, the influence of receptor binding on the conformation of a paramyxovirus attachment glycoprotein and its role in facilitating F-mediated fusion remains controversial, and these studies have primarily been carried out with HN glycoproteins which employ sialic acid receptors. Conformational changes in the HN glycoprotein were detected in the case of Newcastle disease virus (NDV) HN when its structures alone and in complex with the inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (Neu5Ac2en) were solved and compared (41) , whereas no major conformational changes in the parainfluenza virus 5 (formerly known as simian virus 5) HN were noted between uncomplexed and receptor-complexed structures (51) . In addition to the receptor binding and fusion promotion functions described above, many paramyxovirus attachment proteins also possess hemagglutination or both hemagglutination and neuraminidase activities, classifying them as either H or HN, respectively (reviewed in reference 7).
The HeV and NiV G glycoproteins are similar in structure (11, 47) , and both share common features with other paramyxovirus attachment glycoproteins, including the conservation of cysteine residues, a six-bladed ␤-propeller structure of the globular head domain, and an ␣-helical stalk or stem domain (46, 50) . Further underscoring these basic structural similarities, amino acid residues within the head domain of NiV and HeV G important for receptor binding have been identified through site-directed mutagenesis (5, 23) , and contact residues for ephrinB2 and ephrinB3 interaction have been identified through structural analysis (11, 47) .
The paramyxovirus attachment glycoproteins are multifunctional molecules. For the HN glycoproteins both receptor binding activity and the neuraminidase active site are localized to the globular head domain, as with human parainfluenza virus 3 (hPIV-3) and NDV HN (10, 16, 30, 52) . In addition to receptor binding and specificity, the attachment glycoproteins also possess the fusion promotion activity and specificity for the F glycoprotein. However, elucidation of the domain(s) of the attachment glycoprotein that is directly responsible for F-interaction and/or F-specificity has been less clear, with various studies implicating either the stalk domain (18, 31, 39, 40, 42) or areas in both the stalk domain and the globular head domain (43) . In addition, the stalk domain has been shown to be important for dimer formation in the case of measles virus (MeV) H (37), critical for neuraminidase activity for HN (17, 44) , and involved in maintenance of the antigenic structure of HN (17) .
Within the stalk domain reside a series of hydrophobic isoleucine, leucine, and valine residues which are very well conserved among the various members of the subfamily Paramyxovirinae and which have been hypothesized to form heptad repeat-like structure(s) similar to those found in the F glycoprotein. Previous work by Stone-Hulslander et al. (40) and by Wang et al. (44) found that mutation of some of these residues in the stalk region to alanine impaired NDV HNЈs fusion promotion ability and neuraminidase activity, respectively. Another study, by Melanson et al., found that mutation of two residues within this domain of NDV HN, L90 and L94, resulted in decreased fusion and decreased F interaction, without resulting in decreased neuraminidase activity (32) . In the present study, we identified analogous residues within the stalk domain of HeV G and assessed the effects of mutation of these residues to alanine on the glycoprotein's various functional activities. Although all of the mutant G glycoproteins were expressed relatively normally and at the cell surface, could bind viral receptors, and were recognized by a panel of conformationally dependent monoclonal antibodies (MAbs), the majority (9 of 12) of mutants had completely lost their ability to promote cell fusion when coexpressed with F. This loss of fusion promotion activity did not correlate to G oligomerization but did correlate to an inability to interact with F. Further analysis revealed that the mutants appeared to adopt a postreceptor-binding conformation in the absence of receptor as measured by differential MAb binding reactivities.
These data suggest an important role for the stalk domain of the G attachment glycoprotein in maintenance of its conformation and potentially also in the receptor binding-triggered changes leading to productive fusion, such as the dissociation of G and F. The data also demonstrate that conformational changes in the globular head domain of G that are associated with receptor binding can be caused by mutation of certain residues within the stalk and suggest that triggering these conformational changes prematurely can prevent F and G complex formation, resulting in a loss of fusion promotion activity. Our studies highlight a role for receptor-induced conformational changes in the attachment glycoprotein within a model of paramyxovirus fusion protein (F) activity regulated by the G protein.
(K. A. Bishop performed this work as partial fulfillment of the requirements of the Ph.D. program in Emerging Infectious Diseases of the Uniformed Services University of the Health Sciences.)
MATERIALS AND METHODS
Cells and culture conditions. HeLa-USU cells and PCI-13 cells have been described previously (6, 9) . 293T cells were obtained from G. Quinnan (Uniformed Services University). HeLa-USU and 293T cells were maintained in Dulbecco's modified Eagle's medium (Quality Biologicals, Gaithersburg, MD) supplemented with 10% cosmic calf serum (CCS; HyClone, Logan, UT) and 2 mM L-glutamine (DMEM-10). PCI-13 cells were maintained in DMEM-10 plus 100 mM HEPES buffer. All cell cultures were maintained at 37°C in 5% CO 2 .
Amino acid sequence alignments. Amino acid sequences for the following proteins were obtained from GenBank and utilized in alignments (accession numbers in parentheses): Sendai virus HN (AB005795), canine distemper virus HN (AF014953, L13194, and L13195), MuV HN (AB040874), MeV H (AB016162), hPIV-3 HN (AB012132), hPIV-2 HN (X57559), hPIV-1 HN (AF457102), and NDV HN (AF309418), along with the amino acid sequences for our HeV and NiV G clones. Global protein alignments were created with Clone Manager software (Scientific and Educational Software, Cary, NC) using a Blosum 62 scoring matrix.
G glycoprotein constructs and mutagenesis. Conversion of specific residues of HeV G to alanine or glutamine was performed via site-directed mutagenesis using the QuikChange II site-directed mutagenesis kit (Stratagene, Cedar Creek, TX). The template for the reactions consisted of a C-terminal myc epitopetagged version of HeV G in the vaccinia virus-based plasmid pMCO2 (12) . All mutation-containing construct sequences were verified.
Metabolic labeling and immunoprecipitations. Subconfluent HeLa-USU cells were transfected with the various alanine mutation-containing Gs or wild-type G using the Fugene-6 transfection reagent (Roche, Indianapolis, IN). Cells were transfected with 3 g total DNA per T-25 flask overnight followed by infection with wild-type vaccinia virus (strain WR) at a multiplicity of infection of 10. At 6 h postinfection, the cells were washed and incubated overnight with methionine-and cysteine-free minimum essential medium (Invitrogen) containing 2.5% dialyzed fetal calf serum (Invitrogen), L-glutamine, and 100 Ci per ml of [ 35 S]methionine-cysteine (Promix; Amersham Pharmacia Biotech, Piscataway, NJ). Approximately 16 h later, the cells were chased with complete medium for 2 h, and cell lysates were prepared using lysis buffer (100 mM Tris-HCl [pH 8.0], 100 mM NaCl, and 1% Triton X-100), clarified by centrifugation, and analyzed by immunoprecipitation and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by autoradiography. Immunoprecipitated proteins were quantified by spot densitometry using AlphaEase Fc software (Alpha Innotech, San Leandro, CA). For MAb binding, calculations of the percentage of wild-type (WT) reactivity values make use of integrated density values (IDVs) generated from scanned films in the program AlphaEase Fc. The amount of each mutant G immunoprecipitated by a given antibody is measured by determining a ratio that takes into account total expression levels using the following calcu For coprecipitations of G with receptor, G-containing cell lysates were incubated with 3 g human ephrinB3/FC (R&D Systems, Minneapolis, MN) or human EFNB2/s-tag (5) followed by precipitation with either protein G-Sepharose (Amersham) or protein S-agarose (EMD Biosciences Inc, Madison, WI), respectively. For immunoprecipitations with G-specific antibodies, 4 l of a polyclonal antiserum, 3 g purified MAb, or 5 l concentrated hybridoma supernatant was incubated with G-containing lysate at 4°C for 1 h or overnight. Samples were washed twice with lysis buffer followed by one wash with 100 mM Tris-HCl (pH 8.0), 100 mM NaCl, 0.1% sodium deoxycholate, and 0.1% SDS (DOC wash buffer). Samples were boiled in sample buffer with 2-mercaptoethanol, analyzed by SDS-PAGE, visualized by autoradiography or Western blotting, and quantified by densitometry.
For coprecipitation assays of G with F glycoproteins, the F-and G-encoding plasmids were cotransfected into HeLa-USU cells. Cells were then infected, and 16 to 18 h later, cell lysates were prepared as described above. Equivalent amounts of each lysate were precleared with protein G-Sepharose for 45 min at room temperature and then incubated at 4°C overnight with 5 l rabbit polyclonal F 1 -specific antiserum or 5 l rabbit polyclonal G-specific antiserum and then precipitated with protein G-Sepharose, washed, and boiled with 2-mercaptoethanol as described above, before being analyzed by SDS-PAGE and Western blotting under reducing conditions with mouse polyclonal G-specific antiserum at 1:20,000.
Cell fusion assays. Fusion between F and G glycoprotein-expressing effector cells and permissive target cells was measured in a reporter gene assay in which the cytoplasm of one cell population contained vaccinia virus-encoded T7 RNA polymerase and the cytoplasm of the other contained the Escherichia coli lacZ gene linked to the T7 promoter; ␤-galactosidase (␤-Gal) is synthesized only in fused cells (8, 36) . Plasmids encoding HeV F and each alanine mutant of G or no DNA (control/mock transfection) were transfected into HeLa-USU cells and allowed to express overnight as described above. 293T cells or PCI-13 cells served as receptor-positive target cells. Vaccinia virus-encoded proteins were produced by infecting cells at a multiplicity of infection of 10 and incubating infected cells at 31°C overnight. Cell fusion reactions were conducted with the various cell mixtures in 96-well plates at 37°C or at 42°C. The ratio of envelope glycoproteinexpressing cells to target cells was 1:1 (2 ϫ 10 5 total cells per well; 0.2-ml total volume). Cytosine arabinoside (40 g/ml) was added to the fusion reaction mixture to reduce nonspecific ␤-Gal production (8) . For quantitative analyses, Nonidet P-40 alternative was added (0.5% final) at 2.5 or 3.0 h, and aliquots of the lysates were assayed for ␤-Gal at ambient temperature with the substrate chlorophenol red-D-galactopyranoside (Roche Diagnostics Corp.). Assays were performed in duplicate, and fusion results were calculated and expressed as rates of ␤-Gal activity (change in optical density at 570 nm per minute ϫ 1,000) (36) in an MRX microplate reader (Dynatech Laboratories, Chantilly, VA).
Cell surface biotinylation. HeLa-USU cells were transfected with the various G-encoding plasmids and allowed to express overnight as described above. After overnight incubation, cells were washed three times with ice-cold phosphatebuffered saline (PBS), and then cell surface proteins were biotinylated using 0.25 mg/ml EZ-Link NHS-biotin (Pierce, Rockford, IL) in PBS for 30 min at 4°C. Following surface biotinylation, the cells were washed three times with ice-cold PBS and cell lysates were prepared as described above. One half of each lysate was incubated with 100 l 20% agarose-avidin D (Vector Laboratories, Inc., Burlingame, CA) in immunoprecipitation (IP) buffer (0.14 M NaCl, 0.1 M Tris, and 0.1% Triton) at 4°C overnight. Samples were then washed twice with lysis buffer followed by one wash with DOC buffer as described above. Precipitated proteins were then boiled in reducing sample buffer and analyzed by 4 to 20% Tris-glycine gradient gel electrophoresis (Invitrogen), followed by transfer to nitrocellulose and probing with G-specific mouse polyclonal antiserum at a concentration of 1:20,000.
Sucrose gradient density ultracentrifugation. Oligomeric characteristics of the various G alanine mutants were assessed essentially as described before (9) . In short, the various alanine substitution mutants or WT HeV G were expressed in HeLa-USU cells, which were metabolically labeled, chased, and lysed as described above. One half of each lysate was layered onto a continuous 5 to 20% sucrose gradient and centrifuged at 40,000 rpm for 20 h at 4°C, and then each gradient was fractionated into fractions of about 1 to 1.2 ml. Fractions were immunoprecipitated with 2 l G-specific rabbit polyclonal antisera overnight at 4°C and then analyzed by SDS-PAGE on 4 to 20% Tris-glycine gels under reducing and nonreducing conditions. Deglycosylation assays. G alanine mutants or WT HeV G were expressed in HeLa-USU cells and lysates were prepared as described above. G-containing lysates were incubated overnight at 4°C with 5 l G-specific rabbit polyclonal antiserum, precipitated with 100 l protein G-Sepharose, and washed as described above. The protein G beads were then boiled for 10 min in 45 l 1ϫ glycoprotein denaturing buffer (New England Biolabs, Beverly, MA) and centrifuged at maximum speed for 4 min, and the supernatant was removed to new tubes in which the deglycosylation reaction was conducted using 3 l of peptide-N-glycosidase F (PNGase F; New England Biolabs) or 3 l of endoglycosidase H f (Endo H f ; New England Biolabs) for either 0, 10, or 60 min at 37°C. The reaction mixtures were mixed with reducing sample buffer, analyzed by SDS-PAGE, transferred to nitrocellulose, and probed with G-specific mouse polyclonal antiserum at 1:10,000. dMM treatment. Various mutants and the WT G glycoprotein were expressed in HeLa-USU cells in the presence versus absence of 1-deoxymannojirimycin, HCl (dMM; EMD Biosciences, Inc., Madison, WI), in order to prevent the conversion of high mannose to complex oligosaccharides. Cell culture conditions were essentially the same as described above except for the addition of 0.5 mm dMM and 200 mM HEPES (Quality Biologicals) to the medium 2 h postinfection with WR vaccinia virus. Following overnight incubation with dMM, cell surfaces expressing the mutants or WT G were washed and biotinylated as described above. Surface-expressed glycoproteins were precipitated with avidin D-agarose and analyzed by SDS-PAGE followed by Western blotting with mouse polyclonal G-specific antiserum at 1:20,000. The mutants and WT G glycoprotein produced in the presence and absence of dMM were also subjected to immunoprecipitation with several MAbs, followed by SDS-PAGE and Western blotting.
RESULTS
Expression and fusion promotion activity of HeV G stalk domain mutants. An isoleucine-rich stretch of amino acid residues in the HeV G glycoprotein stalk domain was identified that is also 100% conserved in NiV G and well conserved, with either isoleucine, leucine, or valine residues at analogous positions, among several other paramyxoviruses, including the HN glycoprotein of NDV, Sendai virus, hPIV-1 and hPIV-3, and the H glycoprotein of MeV and canine distemper virus. An amino acid sequence alignment of the stalk region of the Nterminal part of HeV G with that of other paramyxovirus attachment proteins is shown in Fig. 1A . Earlier work suggested that these residues within NDV HN could form two heptad repeat-like structures similar to those within the F glycoprotein (40) and that this stalk region was important for interaction between the attachment glycoprotein and F and in determining F-virus species fusion specificity (18, 22, 32, 42, 43) . Molecular modeling of HeV G shows this region of the protein stalk as an ␣-helical stretch, and in some modeled configurations the domain possesses a kink. To explore whether this domain in HeV G possesses any similar functional importance, we individually mutated 12 of 13 isoleucine residues, That particular motif in the stalk of HeV G consisting solely of isoleucines. Large, boldfaced residues are those which were mutated to alanine and subsequently assessed for fusion promotion activity in the current study. The I118 residue that we were unable to mutate is shown in plain, unbolded text and underlined. Each of these HeV G mutant constructs or WT HeV G was coexpressed with HeV F in an effector cell population and then tested for fusion promotion activity along with a receptorbearing target cell population, and the results are shown in Fig.  2 . This analysis revealed that 9 of 12 G glycoprotein, single amino acid-substituted, stalk mutants had completely lost the ability to promote membrane fusion. Notably, all 9 of these 12 isoleucine residues were better conserved overall among the majority of the attachment glycoproteins analyzed by sequence alignment than were the 3 isoleucine residues (I83, I94, and I174), which had no effect on the G glycoprotein's fusion promotion activity when altered and which were located at both ends of the domain of interest (Fig. 1) . These single amino acid substitutions in G were profoundly defective in supporting fusion, but the nature of this defect was unknown. Relative temperature has been shown to affect viral glycoprotein-mediated cell-cell fusion (29) ; however, the block in fusion caused by these mutations could not be overcome by increasing the temperature at which the fusion assay was conducted from 37°C to 42°C (data not shown).
Although it seemed unlikely that these individual alanine substitutions would globally disrupt an important overall structure possessed by this stalk domain, we next sought to determine whether the observed fusion defect could be due to gross misfolding of the mutant glycoproteins and thus significantly reducing expression levels at the cell surface. Nevertheless, subtle changes in cell surface expression levels of viral membrane glycoproteins that are involved in membrane fusion can have measurable effects on the fusion process. In order to assess cell surface expression of these mutants, the surfaces of cells transiently expressing either each mutant or WT HeV G were biotinylated at 4°C. After washing to remove excess biotin, cells were lysed and surface-expressed proteins were then precipitated using avidin beads. Under these conditions, only two of the mutants (I155A and I160A) exhibited decreased levels of cell surface expression in comparison to wild-type HeV G, although they were readily detected in the cell lysates (Fig. 3) . Thus, the defect in fusion promotion ability conveyed by the majority of the mutants (seven of nine) could not be attributed to gross misfolding of the protein or a resultant defect in cell surface expression. It was also observed that the nine fusion-defective mutants exhibited an altered electrophoretic species, consisting of a G species with an apparent molecular weight equivalent to WT HeV G and a slightly larger species that was more predominant in the cell surface HeV G material.
Receptor binding properties of HeV G stalk domain mutants. Loss or defects in receptor binding ability would be expected to have a significant adverse effect on the G glycoprotein's fusion promotion activity. Therefore, we next tested each of the G mutants for the ability to bind the henipavirus receptors ephrinB2 and ephrinB3 in a coprecipitation-based assay (5, 6) . With this assay, each of the HeV G mutants, including I155A and I160A, which were poorly surface expressed, were coprecipitated with soluble, epitope-tagged human ephrinB2 and ephrinB3 to levels equivalent to WT HeV G, including the slightly higher-molecular-weight species. The results, shown in Fig. 4 , demonstrate that the defect in fusion promotion activity caused by these stalk domain mutations is not attributable to lack of receptor binding competence by the HeV G mutants.
Oligomerization of HeV G stalk domain mutants. Previous work has demonstrated that like other paramyxovirus attachment glycoproteins, HeV G appears to be a disulfide-linked dimer and that the native configuration appears to be a dimer of dimers or tetrameric (9) . In addition, the stalk domain of MeV H is a critical determinant of H oligomerization (37) , and thus the possibility that the HeV G stalk mutants generated here could be defective in oligomerization and as a result defective in their fusion promotion activity needed to be examined. Therefore, we analyzed several of the HeV G glycoprotein stalk mutants for their ability to form the dimeric and tetrameric species similar to that of WT HeV G. We selected several of the completely fusion-defective mutants and one fusion-competent stalk mutant, along with WT HeV G, each was transiently expressed and metabolically labeled, and cell lysates were prepared and subjected to sucrose density ultracentrifugation, fractionation, and immunoprecipitation with G-specific antisera. The immunoprecipitated G glycoproteins in each fraction of the gradient were analyzed by SDS-PAGE under reducing and nonreducing conditions, and these results are shown in Fig. 5 . This analysis revealed that each HeV G mutant examined was observed to form oligomers with an identical pattern as that exhibited by the WT HeV G glyco- Lysates were prepared, and biotin-labeled proteins were immunoprecipitated with avidin-agarose beads, subjected to SDS-PAGE, and immunoblotted with G-specific antisera as described in Materials and Methods. Total cell lysates were also probed with polyclonal G-specific antisera for comparison (control). Arrows point to the two species of HeV G .   FIG. 4. Receptor binding by HeV G glycoprotein stalk mutants. The various alanine mutants or WT HeV G were transiently expressed in HeLa-USU cells and subjected to coprecipitation with s-tagged human ephrinB2 followed by S-agarose beads or Fc-tagged human ephrinB3 followed by protein G beads. Each lysate was also directly precipitated with polyclonal G-specific antiserum followed by protein G beads for comparison (control). Precipitated proteins were analyzed by SDS-PAGE followed by Western blotting with polyclonal G-specific antiserum.
protein, and both tetrameric and dimeric species were observed under nonreducing conditions which were resolved to monomeric forms of G under reducing conditions (Fig. 5) , essentially identical to prior observations (9) . Thus, the conclusion from this analysis is that the observed fusion promotion defect caused by the isoleucine-to-alanine mutations in the stalk domain cannot be attributed to a failure of these mutant G glycoproteins to form native oligomeric complexes.
Glycosylation of HeV G stalk domain mutants. Because of the observation that the nine fusion promotion-defective stalk domain mutants of HeV G all exhibited slightly higher molecular weight species upon SDS-PAGE analysis in addition to a species that comigrated with WT HeV G, we sought to characterize the nature of this alteration. The apparent difference in molecular mass between both HeV G species was approximately 4 to 5 kDa and could potentially be attributable to an additional posttranslational N-glycosylation modification of the molecule. Therefore, we examined whether this higher molecular weight species could be due to an additional glycosylation in the protein that was somehow brought about through the introduction of the stalk domain point mutations. We selected two representative HeV G mutants near the middle of the stalk domain of interest that were completely defective in fusion promotion activity along with WT HeV G and subjected them to PNGase or Endo H f treatment for 0, 10, and 60 min followed by SDS-PAGE and Western blot analysis; the Fig. 6A . While PNGase is an enzyme which will remove multiple types of N-glycans, Endo H f is specific for high-mannose oligosaccharides, and once highmannose oligosaccharides are converted to the complex form, they are no longer susceptible to digestion by Endo H f . After either 10 or 60 min of incubation with PNGase at 37°C, there was an apparent shift in molecular weight for the two mutants and the WT HeV G, indicating the successful removal of Nglycans from G. Importantly, after N-glycan removal, there was no longer any difference in the apparent molecular weight or migratory properties between the HeV G mutants or WT HeV G, indicating that the observed difference in migratory properties at time zero is due to N-glycosylation. Interestingly, for both the HeV G mutants examined and the WT HeV G, there was a shift in electrophoretic mobility following treatment with Endo H f as well, although for both there was still a subfraction of the protein which migrated as if unaffected by Endo H f treatment (Fig. 6A ). This suggested that both the HeV G mutants and the WT HeV G contain some high-mannose and some complex-type oligosaccharides. It has been reported that addition of N-glycans to paramyxovirus F or G glycoproteins can result in decreased fusion (1, 31, 45) . Therefore, we questioned whether this apparent extraneous glycosylation, associated with the fusion-promotion-defective phenotype, could be masking an important domain of G involved in the fusion promotion process. The full-length HeV G glycoprotein has seven potential N-linked glycosylation sites in the extracellular domain. One site located in the extracellular region is proximal to the predicted transmembrane anchor and likely not modified. The other six sites are located at various positions along the extracellular portion of G and are conserved between HeV and NiV. A recently completed structural analysis of NiV G has shown that N306, N378, N481, and N529 were modified, N417 was not (47) , and N159 was not included in that structure. The location of these sites in relation to the rest of the protein is diagrammed in Fig. 6B . We speculated that if the presence of an extra or differentially modified N-glycan were occluding an important domain of G required for its fusion-promoting activity, then its removal by mutation might prevent this interference and restore its fusion promotion activity. To examine this possibility we individually mutated the asparagine residue at each site to glutamine in the context of one of the HeV G mutants (I124A) as a representative example and tested the resulting double mutants for expression. Surprisingly, none of the glycosylation site deletions resulted in any change in electrophoretic mobility pattern, although for some of the HeV G mutants, the slightly higher molecular weight species was slightly decreased in intensity (Fig. 6C, inset) , and simultaneous analysis of all eight additional HeV G double mutants for fusion promotion activity upon coexpression with F (Fig. 6C) revealed that none was rescued in its ability to promote fusion. Together, these results demonstrated that although it is was not apparent which Nglycosylation site was being altered in comparison to WT HeV G, this posttranslational modification by itself was not likely to be obscuring an important domain of G resulting in the observed fusion promotion defect.
In order to further explore the altered glycosylation phenotype, we selected three of the seven (surface-expressed) HeV G mutants as representatives along with WT HeV G and expressed each in HeLa-USU cells in the presence and absence of dMM, which was added to the cell culture medium, in order to prevent conversion of high-mannose to complex-type oligosaccharides, and these results are shown in Fig. 6D . Indeed, the inclusion of dMM in the cell culture medium resulted in a notable shift in the electrophoretic mobility of the slightly higher molecular weight species of the HeV G mutants and the WT HeV G, consistent with those results obtained upon Endo H f digestion (Fig. 6A) . Importantly, however, when expressed in the presence of dMM, these HeV G mutants and the WT HeV G had a similar electrophoretic mobility, indicating that the difference in apparent molecular weights of the HeV G mutants and WT HeV G in the absence of dMM is due to the conversion of high-mannose to complex-type oligosaccharides.
Finally, we examined whether treatment with dMM and thus prevention of complex oligosaccharide formation would restore the fusion promotion activity of a defective HeV G mutant. Here, the same selected HeV G mutants along with WT HeV G were each cotransfected along with HeV F and expressed in the presence and absence of dMM. These resulting effector cell populations were then mixed with either receptorpositive or -negative target cells in the cell-cell fusion assay. These results revealed that effector cells expressing HeV F and WT HeV G were able to mediate fusion with receptor-positive 293T cells in the presence or absence of dMM treatment, while those effector cell populations expressing HeV F along with a HeV G mutant remained fusion promotion defective even in the presence of dMM (Fig. 7) . This result, along with the results in Fig. 6C , strongly suggest that the apparent conversion of high-mannose to complex oligosaccharides observed in the stalk mutants is not the cause of the fusion-promotiondefective phenotype of these stalk domain HeV G mutants.
HeV F interaction with HeV G stalk domain mutants. As discussed above, previous work carried out with attachment glycoproteins of other paramyxoviruses containing mutations in the stalk domain has implicated this region as an important determinant of F engagement and/or F species specificity. To examine this possibility in the case of the fusion-promotiondefective HeV G mutants, we selected three of the seven (surface-expressed) stalk domain HeV G mutants as before to examine in a previously developed coprecipitation-based biotin labeling assay for F-G interaction (5) and assessed whether their defective fusion promotion activity could be correlated to a decreased ability to interact with their partner glycoprotein, HeV F. We found that each HeV G mutant and the WT HeV G were comparably expressed (Fig. 8A) and present on the cell surface as expected (Fig. 8B) ; however, the slightly higher molecular weight species that was observed to be the predominant species at the cell surface (Fig. 3) was not found complexed with and coprecipitated by F, and only the HeV G species (predominantly intracellular) that had a similar apparent molecular weight in comparison to WT HeV G was coprecipitated with F (Fig. 8C) . Characterization of HeV G stalk domain mutants by MAb reactivity. The HeV G stalk domain mutants that were completely defective in fusion promotion activity were cell surface expressed and competent for receptor binding and retained their oligomeric structure, but were apparently defective in F interaction. A favored model of paramyxovirus membrane fusion suggests that receptor binding triggers changes in the attachment glycoprotein (in this case, G), resulting in its dissociation from F. As a further approach to characterize the nature and effects of the stalk domain mutations within HeV G, such as whether these mutations may be causing any measurable conformation changes in the molecule, we made use of a panel of G-specific MAbs, including those which compete for receptor (ephrinB2), such as m101 and m102, and others that do not, such as m106 (5, 46, 53) . We first examined the MAb binding reactivities of WT HeV G in both the presence and absence of ephrinB2 in a coprecipitation assay, and these results are shown in Fig. 9 . Three types of relative MAb reactivity were observed: MAbs that could bind and precipitate G to equivalent levels in the presence or absence of receptor (hAH1.3 and 8H4), those that bound less because they compete for receptor (nAH22.4 and m102.4), and interestingly, MAbs that bound and precipitated HeV G better after ephrinB2 binding (nAH23.4, nAH24.4, hAH2.1, and m106.3 ). This latter MAb binding phenotype was suggestive of a conformational change in the G glycoprotein following receptor engagement. The MAb m106.3 is an affinity-matured derivative of the human Fab, m106, and m106 was also found to exhibit enhanced binding to receptorbound HeV G (data not shown).
In this assay, cell lysates containing the various HeV G stalk domain mutants or WT HeV G were immunoprecipitated with each of these MAbs in the absence of receptor, and the levels of precipitated G glycoprotein were then quantitated by densitometry. A representative result obtained using the three conformation-dependent human MAbs is shown in Fig. 10 , and a summary of all the MAb reactivity data obtained with the HeV G mutants is presented in Table 1 . All of the HeV G mutants were recognized by all conformation-dependent MAbs tested, which together with the cell surface expression data provided further evidence that the HeV G mutants are not grossly misfolded. However, an interesting pattern in MAb reactivity emerged during this analysis, in that those MAbs that were capable of detecting conformational changes in HeV G following receptor binding, as measured by an increased binding reactivity to HeV G-receptor complexes, also exhibited a similar increased binding phenotype to the fusion-promotiondefective stalk domain mutants of HeV G, yet did so in the absence of any bound ephrinB2 receptor (i.e., m106, hAH2.1, nAH23.4, and nAH24.4). These data suggested that the stalk domain HeV G mutations were causing conformational alterations in G that were associated with receptor binding.
Although the possibility that these differential binding reactivities were due to actual epitope alterations seemed unlikely, for example, the fact that nAH23.4 and nAH24.4 are Western blot-reactive MAbs (data not shown), prompted us to further explore whether it was the MAbs' epitopes or G's conformation that had been altered. In order to do so, we conducted a simple boiling experiment. We hypothesized that if indeed our on November 12, 2017 by guest http://jvi.asm.org/ mutations had altered a shared epitope of these antibodies and the epitope was completely linear in nature, a boiled HeV G mutant would remain better recognized by the antibody than the boiled WT HeV G. Conversely, if the antibodies had an epitope that was partially conformation dependent, and if the antibodies were indeed recognizing a conformational difference between the HeV G mutants and the WT HeV G, then it would be expected that preboiling the mutant and the WT G prior to immunoprecipitation with these antibodies would remove the difference between the amount of mutant G recognized versus the amount of WT G. Therefore, we preboiled lysates containing the HeV G mutants or WT HeV G for 5 min and then subjected them to immunoprecipitation with one of the MAbs in question, nAH23.4. Under these conditions, the mutants and the WT G were all immunoprecipitated to similar levels; the apparent difference in MAb nAH23.4 reactivity to the HeV G mutants versus WT HeV G had disappeared (data not shown). This observation supported the suggestion that the stalk domain mutations had not simply altered a MAb epitope, but rather altered the conformation of G, and denaturing the protein first eliminated the conformational difference between mutant and WT G. For these reasons and because the mutations causing the identical fusion-promotion-defective phenotype span a relatively large area of the protein, encompassing a stretch of at least 55 amino acid residues, it seems plausible that the fusion-defective phenotype and increased MAb reactivity by those antibodies which preferentially bind receptorcomplexed HeV G are related to an altered conformation of the protein.
Finally, since the fusion-defective stalk domain HeV G mutants displayed an altered electrophoretic mobility which was apparently due to a more complex oligosaccharide modification compared to the WT HeV G, which could be prevented by addition of dMM to the cell culture medium, we also examined whether the reactivity of these MAbs to the G mutants would be affected if dMM were used during their expression and thus prevented the conversion of high-mannose to complex oligosaccharides. We selected the same three of the seven (surfaceexpressed) HeV G mutants as representatives along with WT HeV G, expressed each in the presence and absence of dMM as described in Materials and Methods, and then subjected 
a Selected MAbs were assessed for their reactivities to the various alanine mutants versus WT HeV G in immunoprecipitations followed by SDS-PAGE and either Western blotting or autoradiography. The results were quantitated via spot densitometry, and the results are summarized here. Ϫ, 50 to 75% of WT reactivity; NC, virtually no change or 76 to 125% of WT reactivity; ϩ, 126 to 175% of WT reactivity; ϩϩ, 176% of WT reactivity or higher; NT, not tested. For the reader's convenience, MAbs in the chart are divided into three categories based on their detection profile of WT G in the presence versus absence of soluble ephrinB2: MAbs in category 1 immunoprecipitate less WT G in the presence of receptor, MAbs in category 2 show no detectable change in the amount of WT G they immunoprecipitate in the presence of receptor, and MAbs in category 3 immunoprecipitate more WT G in the presence of receptor.
each to immunoprecipitation with several MAbs followed by SDS-PAGE and Western blot analysis. We observed that the reactivities of MAbs m102.4, m106, and nAH24.4 to the HeV G mutants and WT HeV G were unaffected (data not shown), further indicating that the apparent glycosylation phenotype was also not the cause of the increased reactivities of these MAbs.
DISCUSSION
Using site-directed alanine-scanning mutagenesis, we examined the importance of the stalk domain of the HeV G attachment glycoprotein in its various structural and functional characteristics by targeting a series of well-conserved isoleucine residues within this domain. We found that a single amino acid substitution mutation to alanine of 9 out of 12 isoleucine residues between positions 83 and 174 resulted in completely defective fusion promotion activity, results consistent with observations made with other paramyxovirus attachment glycoproteins (15, 18, 32, 40, 42, 43) . Although mutation of HeV G isoleucine stalk residues to alanine abrogated its fusion promotion activity in 9 of 12 cases, the G glycoprotein mutants were all cell surface expressed, retained their oligomeric structure, were recognized by conformation-dependent MAbs, and were capable of binding the two known viral receptors, ephrinB2 and ephrinB3.
The series of isoleucine residues in the HeV G stalk targeted in the present study is similar to other hydrophobic residues that have been examined using mutagenesis within the H and HN glycoproteins of several other paramyxoviruses. In particular, homologous amino acids in NDV HN, hypothesized to form two heptad repeat-like structures, were shown to be important for HN-F interaction (40) , and targeting this region by mutagenesis has clearly demonstrated its importance in modulating HN-F-mediated fusion as well the interaction between the two proteins (32) . In contrast, mutations made in the analogous region of MeV H were also observed to decrease its fusion promotion activity yet did so without effecting the H-F interaction (15) . For HeV G stalk domain mutants, we found a direct correlation between defects in G glycoprotein interaction with F and a lack of fusion promotion activity, similar to those observations with NDV HN-F. Together, these data indicate that this stalk region within HeV G is also critically important role for its fusion promotion activity.
Unlike several prior studies involving stalk domain mutagenesis in other paramyxovirus systems, we found that mutation of those HeV G isoleucine stalk domain residues that abrogated its fusion promotion activity also resulted in an apparent different N-glycosylation pattern and the appearance of a slightly higher-molecular-weight species. The individual elimination by further mutagenesis of all eight potential N-glycosylation sites within G in the context of a stalk domain mutant was unable to delineate which site was involved and also did not alter the fusion-promotion-defective phenotype. We then determined that this observed difference in glycosylation of the HeV G mutants versus WT G was related to an increased conversion of high-mannose to complex oligosaccharides. Previous studies carried out on other paramyxovirus fusion and attachment proteins demonstrated that additional glycosylation can lead to decreased fusion or failure to interact with the partner glycoprotein (1, 31, 45) . Similarly, we observed with the differentially N-glycosylated HeV G mutants that the slightly highermolecular-weight species that was expressed on cell surfaces was incapable of interacting with F. At least two possibilities exist to account for the defect in F interaction. First, the addition of complex oligosaccharides interferes with the G-F interaction directly, and second, the stalk domain mutations cause a conformational alteration in G that disrupts F engagement that is also associated with the appearance of the altered glycosylated species of HeV G. One finding that provides evidence for this latter possibility is that expression of the HeV G mutants and WT HeV G in the presence versus absence of dMM, which prevented conversion of high-mannose to complex oligosaccharides and eliminated the formation of the higher-molecular-weight species, did not restore the fusion promotion activity of the HeV G stalk domain mutants.
Perhaps of greater interest was that further characterization of the HeV G stalk domain mutants revealed that receptor binding could facilitate a measurable conformational change in G, as detected by several conformation-dependent and -independent MAbs. In nearly all cases, efficient paramyxovirusmediated fusion requires the participation of both an attachment and fusion glycoprotein (reviewed in reference 29). For many paramyxoviruses, a physical interaction between F and its homologous attachment glycoprotein partner has been detected, including HeV (5), and a favored model for fusion suggests that upon receptor binding, the attachment glycoprotein triggers F-mediated fusion, presumably through receptorinduced conformational changes of its own (reviewed in references 7 and 27). The data here on HeV G are the first demonstration of a protein receptor-induced conformational change in a paramyxovirus attachment glycoprotein that uses a protein receptor, as measured by MAb binding reactivities. These findings, along with the observations that those same MAbs could preferentially bind to the fusion promotion-defective HeV G stalk domain mutants, also support the speculation that these conformational changes in HeV G appear to correlate with both receptor binding and G-F nonassociation (release). These data are in agreement with the work of Takimoto et al. (41) , who demonstrated alternative conformations in NDV HN depending on whether it was bound with 2-deoxy-2, 3-dehydro-N-acetylneuraminic acid (sialic acid). Taken together, we speculate that these HeV G stalk domain mutants are assuming a receptor binding conformation, in the absence of receptor, and thus are already "triggered" upon expression at the cell surface, not associated with F, and hence unable to execute their fusion-promoting activity even after subsequent receptor binding.
Our findings suggest an important role for the stalk domain of HeV G in maintenance of its conformation and potentially also in the receptor binding-triggered changes leading to productive fusion perhaps related to the dissociation of G and F. This notion is similar to the findings of Wang et al., who found that the stalk domain of NDV HN was essential for neuraminidase activity, even though the neuraminidase active site is located in the globular head region (44) , those of Deng et al., who observed that the stalk domain was important for maintenance of antigenic structures within the globular head domain as well as neuraminidase activity in HN (17) (32) . It has been suggested that the fusion mechanism of paramyxoviruses that make use of sialic acid moieties as receptors proceeds by a different process than that of the protein receptor-utilizing paramyxoviruses (the henipaviruses and morbilliviruses) (reviewed in reference 27). Here, our data on the HeV G stalk domain are consistent with those of Melanson and Iorio (32) , who demonstrated that the fusion activity of NDV HN and F is directly proportional to the extent of the HN-F interaction. Thus, although HeV makes use of cellular proteins as opposed to sialic acid moieties as its receptor, the G-F interaction also appears proportional to their fusion activity. This is in contrast to those observations on MeV, which like HeV makes use of protein receptors, where the strength of the MeV H-F interaction is inversely related to their fusion activity (38) . Nevertheless, the apparent similarities between NDV and HeV with regard to their attachment and fusion glycoprotein interactions and fusion activity are at least consistent with the recent NiV and HeV G and ephrinB2 and -B3 structures (11, 47) , revealing similar locations within their attachment glycoproteins for receptor recognition, suggesting that these two viral fusion processes brought about by quite different types of receptor triggering could be more similar than previously anticipated.
Finally, our data here also reveal conformational alterations in G that appear related to receptor binding as measured by MAb binding. The recent structural analysis of NiV G both alone and in complex with receptor has shown that receptormediated rearrangements in G are relatively small and localized to the G-ephrinB3 interface (47) . However, it should be pointed out that the studies conducted here are in the context of full-length G, whereas only a globular head and monomer G structure have been characterized, and the possibility that receptor engagement could induce more significant conformational changes in full-length G, such as between pairs of dimers, cannot be ruled out and such alterations could be readily detected by specific MAb reactivities. Future experiments aimed at defining the epitopes recognized by some of the MAbs used here, along with additional structural studies, will facilitate a better understanding of the rearrangements that take place in G following receptor binding and help define the neutralization mechanisms of different classes of antibodies, such as those that do not block receptor binding. Such findings should aid our understanding of the paramyxovirus fusion process in general and could potentially lead to the design of new classes of antiviral drugs and vaccines.
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